 2  0 
With these design requirements in mind, we developed CropSurveyor, an IoT-based data 1 0 3 management system that is easy to use and flexible to deploy in diverse experimental scenarios. CropSurveyor is a scalable and open-source software system, which provides diverse interfacing 1 0 5 options for the community to adopt and extend. We followed a distributed IoT systems design during 1 0 6
the development, so that experimental, phenotypic, and environmental data collected from infield and 1 0 7
indoor experiments could be integrated efficiently. The system provides a unified web interface for 1 0 8 users to oversee data collection, calibration and storage on a regular basis. Through our three-year 1 0 9
wheat prebreeding experiments (2016) (2017) (2018) [21], a powerful visualisation component and a flexible IoT is a fast-growing field. IoT-based sensors are generating terabytes of data for crop research and 1 1 9 agriculture services everyday [22] . Because the existing data management solutions heavily rely on 1 2 0 bespoke data collection approaches, they cannot be easily adopted and extended. Also, most of the the open-source CropSurveyor system is capable of bringing scalability and flexibility to users.
The systems design
The two-component systems design of CropSurveyor is shown in Fig. 1 . We used a Python-based web users to deploy infield or indoor phenotyping devices ( Supplementary Fig. 1 ), so that an experiment 1 5 0
can be initiated or terminated via a smartphone or a tablet. Also, the GUI allows users to enter and synchronisation in the field ( Fig. 2A ), or to establish a direct link between a smart device and a 1 7 7
phenotyping workstation ( Fig. 2B ). After correlating and collecting all data from the device side, the 1 7 8 system will then transfer the data to the server-side powered by a central server, where users could 1 7 9
oversee different experiments at near real-time ( Fig. 2C ).
When implementing the CropSurveyor system, we followed Model-view-controller (MVC) while biological experiments were still ongoing ( Fig. 2D ).
8 6
To enable data standardisation and integration, a RESTful API was implemented that accepts entity types and specifies relationships between the entity types can be seen in Supplementary Fig. 3 . image, sensor and system status as the input data flows, validates them, and then passes them to the The interfaces of experiment and data management are presented in Fig. 3 , which integrate 2 2 7 experiment location, plot map, and crop/experiment/device information to enable quick cross-2 2 8
referencing and facilitate management decisions during the experiment. As shown in Fig. 3A , for a 2 2 9
given experiment, the grid view of the server-side system provides a set of device nodes showing indicate whether extra attention is needed (e.g. green for operating, amber for idle, and red for device 2 3 7 termination or operational error). These markers in the plot map can be clicked, which will bring the 2 3 8
user to the detailed view of individual device (Fig. 4) . Each phenotyping device uploads a daily the field during the growing season. The list view provides a table of status that incorporates crop information with experiment and 2 4 6 device details (Fig. 3B ). This view is mainly used for project maintenance proposes, which contains library. In our case, we can soundly retrieve readings such as device temperature (to assess device 2 6 9 performance), ambient relative humidity, ambient temperature (Fig. 4A) , light levels (based on light 2 7 0 intensity), soil temperature and moisture (Fig. 4B) . The microclimate datasets acquired from multiple 2 7 1 locations across the field can also be used for data calibration to generate a normalised and highly 2 7 2 reliable environmental reading of the experimental site. A key element of modern agriculture is to closely monitor dynamic crop performance and agricultural 2 7 6 conditions to predict and plan crop production [33] . Plant breeding and GxE studies also rely on high-2 7 7 quality and high-frequency crop-environment data to produce accurate growth models for yield and 2 7 8 quality prediction [34, 35] . Following this approach, CropSurveyor provides users with quick access to 2 7 9 all environmental factors recorded by each distributed phenotyping device during the growing season. Together with the position of a given device, seasonal microclimate datasets can form a dynamic 2 8 1 growth condition map showing environmental conditions and variance in a given field (Fig. 5 ).
8 2
In a 253-day field experiment of 32 wheat genotypes within the single genetic background of field map of dynamic microclimate conditions at key growth stages (i.e. from early booting to early 2 8 8 grain filling, 56 days) was gradually produced, showing the increase in ambient temperature (Fig.   2  8  9 5A), the variation of ambient moisture levels (Fig. 5B) , and the steady increase of soil temperature 2 9 0 ( Fig. 5C ), during the 56-day period. To simplify the presentation, the microclimate heatmap was 2 9 1
presented with data at 14-day intervals, where wheat plots installed with IoT sensors were outlined 2 9 2 with red colour and plots without sensors were outlined with green colour, where climate data was 2 9 3 produced through data interpolation methods based on adjacent readings (Fig. 5) . The period of the 2 9 4
interval can be flexibly changed, and the microclimate readings are retrievable as soon as data 2 9 5 synchronisation is finished (see Supplementary Fig.4 for daily data presentation). Furthermore, the 2 9 6 climate datasets can be used for cross-validating the soundness of infield IoT sensors, for example, 2 9 7
whether soil temperature correlates with ambient temperature ( Supplementary Fig. 4A ); and why 2 9 8 readings from distributed low-cost sensors could provide more representative information of the field 2 9 9
in comparison with an expensive central weather station in the field ( Supplementary Fig. 4B ).
3 0 0
Utilising this approach, dynamic environmental conditions throughout a field can be recorded with CropSurveyor not only provides tools for monitoring ongoing infield and indoor experiments, but also image and sensor data and manages these historical datasets with easy reference and access (Fig. 6) . source and multi-scale information in plant phenomics : the ontology-driven Phenotyping Hybrid Information 
